minimum water loss. To reduce water loss, the surfaces of leaves are covered by a cuticle. The cuticular waxes can be divided into an outer epicuticular layer, which forms the visible wax structures, and an inner intracuticular layer (Buschhaus et al., 2007) . Most conifers possess needlelike leaves (needles) and normally carry several needle age classes, which behave physiologically and morphologically different (Wang et al., 1995) . As part of the aging process epicuticular waxes change their optical appearance, which is called 'wax degradation' (Burkhardt and Pariyar, 2014) . Wax degradation can result in flake-like structures and amorphous plugs in the epistomatal cavities, which may affect photosynthetic gas exchange and in the long-term needle and tree vitality (Barthlott et al., 1998) . Even though C. libani plays an important role in reforestation and recent afforestation studies, little is known about its needle leaf characteristics with regard to wax covering and carbon net assimilation rates under natural conditions with increasing needle age. Due to pronounced dry periods in stands of C. libani and its relative drought tolerance, it was of interest to study the structure of the epidermis, the stomata, and its epicuticular waxes. The following morphological and physiological aspects and questions of C. libani needles were investigated in the present study: 1) Needle surface morphology: a) What kind of morphological or cuticular structures does C. libani possess for reducing needle water loss? b) Do epicuticular wax structures change with increasing age? 2) Assimilation rates: a) Are assimilation rates and respiration rates measured under natural conditions comparable with those of other conifers? b) Does photosynthetic uptake and transpiration change with needle age?
Materials and methods

Study area
The study was conducted during early June 2009 at the Elmalı Cedar Research Forest (ECRF), which is situated 130 km southwest of the city of Antalya, Turkey. The forested parts of the ECRF exhibit homogeneous and natural stands of C. libani, which are only partly mixed with some Juniperus sp. individuals. This area is characterized by a Mediterranean montane climate with cold winters, snowfall, and a pronounced drought period during the hot summer from June to September (Atalay, 1987 (Atalay, , 2002 . Annual mean precipitation is 640 mm and annual mean temperature is 7.5 °C. Recorded monthly maximum is 34 °C in July and monthly minimum is -31 °C in February (http://www.mgm.gov.tr/). Clay and loamy soils overlie limestone formations and the pH of the soils varies from 7.7 to 8.0 (Basaran et al., 2008) . Our investigation site was located in the central part of the ECRF at 1655 m a.s.l. (36°35′09″N, 30°01′14″E) at the foot of a southeast-facing slope, which ends in a rather flat terrain. The soil is clayey to clay loam with a pH (H 2 O) value around 7.7. For needle analysis and gas exchange measurements, we randomly chose mature C. libani trees of approximately 100 years old. Their age was estimated beforehand, by taking cores from the stem at 1.3 m above the ground and counting the number of tree rings. Tree height was around 12 m and diameter at breast height was around 0.35 m. The trees were not visibly damaged or infested by parasites.
Scanning electron microscopy
In order to examine the epicuticular wax structures of C. libani needles at different ages by scanning electron microscopy (SEM), needles were collected from spur shoots. On spur shoots the needles generally remain alive up to 6 years and are 1.5 to 3.5 cm long (Fantz, 2003; Schütt et al., 2008) . Singularly distributed needles on long shoots were not collected. Needle age was determined with respect to their position on the spur shoots ( Figure 1A ). Per age class (0 to 3 years) five specimens were collected from the base of the crown (facing south, approximately between 1 and 2 m above the ground) of four C. libani trees. Needles were collected with forceps, which touched only the base of the needle without damaging the wax structures. The needle samples were then cut into two pieces and mounted on conductive carbon adhesive tabs with each tab containing specimens showing the upper and lower sides of the needles. Specimen holders were stored for a few days in a desiccator and then coated with gold/palladium (30 nm) in a Balzers Union SCD 040 sputter coater. For examination and photographic images of the samples a Zeiss DSM 904 SEM at 7 kV was used (Haas et al., 2003) .
Determination of needle surface area
Gas exchange rates of leaves are strongly dependent on the actual leaf surface area. Considering the rhomboidal form of cedar leaves, determining only projected needle area would be too imprecise. There are some methods described in the literature that are very time-consuming and impractical under field conditions, e.g., fluidized bed coating with glass beads (Drew and Running, 1975; Davies and Benecke, 1980) or the cut method (Katsuno and Hozumi, 1987) . Sellin (2000) estimated the needle area from geometric measurements using three dimensions (needle length and minor and major needle diameters). This seems to be a very accurate method but is still time-consuming. In order to develop a more timesaving method for needle surface area determination in C. libani, we derived a mathematical formula to determine the total surface area of a cedar needle (mm 2 ) from its length (mm). Since the circumference in needles varies along the main apical axis, needle circumference was measured at regular intervals. Detailed needle surface area measurements were done for 10 randomly chosen adult needles of C. libani from the same year, which were collected from the easily accessible base of the crown (approximately between 1 and 2 m above the ground). Needles were cut with a razor blade into 8-13 segments (depending on needle length) with a length of 2-3 mm. The shape of each crosssection was drawn under a dissecting microscope with a drawing mirror together with a scale bar so that the exact circumference of each segment could be measured using the program ENVI 4.0 (Research Systems Inc., Boulder, CO, USA). Lateral segment area (mm 2 ) was obtained by Eq. (1).
(1) Segment surface area = upper circumference + lower circumference 2 × segment length Total needle surface area was calculated by adding all lateral segment surface areas. The dependence of needle surface area on needle length was determined using a regression analysis in SigmaPlot 10.0 for Windows (SYSTAT Software Inc., USA). Projected surface areas (mm 2 ) of these needles were measured to determine a form factor, which allows calculation of the total surface area from the projected surface area. The projected surface area represents the two-dimensional shape of the threedimensional needle on a flat surface. The outlines of the needles were drawn under a dissecting microscope with a drawing mirror together with a scale bar. The projected area was calculated using the program ENVI 4.0.
Gas exchange measurements
Measurements of CO 2 -and H 2 O-gas exchange were done on three C. libani trees of approximately 100 years old with a portable LI-6400 gas exchange system (Li-COR Biosciences, Lincoln, NE, USA) by running light response curves and A/c i curves. We determined net carbon assimilation (A net ), leaf transpiration (E leaf ), mesophyll internal carbon concentration (c i ), leaf conductivity for water vapor (g leaf ), and dark respiration. The measurements were carried out on shoots at the base of the crown (approximately between 1 and 2 m above the ground) with intact needles of either 1 year or 2 years old. Due to high respiration rates, current year needles were not considered as well as 3-year-old and older needles, which occurred only rarely and were mainly solitary at short shoots. For both curve types three repetitive measurements were carried out per tree and needle age. After the measurement, shoots that contained the enclosed needles (the number of enclosed needles was at least 10) were collected to determine their actual surface areas.
The dependence of A net on incoming light was measured by light response curves. Enclosed needles were stepwise exposed to the following photosynthetic active radiation (PhAR) levels (starting from 0 µmol photon m -2 s -1 ) until steady values (showing less than 5% variation of the measured actual rate) of photosynthesis were recorded: 0, 5, 10, 20, 30, 50, 100, 150, 250, 400, 500, 750, 1000 , and 1500 µmol photon m -2 s -1
. During the measurements the concentration of CO 2 in the measuring cuvette was kept constant at 380 ppm. Air temperature was set to 25 °C and vapor pressure deficit (VPD) was set to 1.8 kPa.
The dependence between A net and the mesophyll internal CO 2 concentration (c i ) was measured by establishing A/c i response curves. Enclosed needles were stepwise exposed to the following concentrations of CO 2 starting at 2800 ppm: 2800, 2000, 1000, 800, 600, 400, 350, 250, 150, 50, and 0 ppm. During the measurements the intensity of PhAR was kept constant at 1500 µmol photon m -2 s -1 (i.e. above the light saturation of the photosynthetic process for C3 plants), and air temperature and VPD were set to 25 °C and 1.8 kPa, respectively.
For regression analysis we applied dynamic curve fitting processes using SigmaPlot for Windows 10.0 (SYSTAT Software Inc.). A nonlinear regression (curve type: exponential rise to maximum, single fit, three parameters) was fitted for all A net measurements to determine A net at 90% of its maximum (A max (90%) ) and to retrieve the values for the light compensation point (A net = zero) and the rate of dark respiration (A net = negative). To determine the quantum yield (enzymatic activation response of tree needles to PhAR) from light response curves and the carboxylation efficiency (enzymatic activation response of tree needles to c i ) from A/c i curves, a linear regression was made for the first fast-rising values (approx. up to PhAR of 200 µmol photon m -2 s -1
) to determine the slope of the linear fit.
To compare means of 1-year-old and 2-year-old needles, unpaired t-test (P < 0.05) analysis was performed using SPSS (IBM SPSS Statistics 15 for Windows, Release 20.0.0, 2011).
Results
SEM of epicuticular wax of C. libani needles
Shoots of C. libani are divided into short and long shoots ( Figure 1B ). Both shoots bear needles of different age classes but quantitatively more needles can be found on the short shoots. The needles are covered by epicuticular waxes on all sites, which can be seen macroscopically as white stripes on the stomata rows ( Figure 1C) .
The needles show a rhomboidal form in cross-section with stomata rows present on all four sites (Figure 2A) . In cross-section the wax network is visible, filling the epistomatal cavity by forming a plug ( Figure 2B ). In general, waxes were found on all sites of the needles all over but the wax network seemed to be especially dense along the stomata rows ( Figure 2C ). Under higher resolution wax crystals appeared tubular in shape ( Figure  2D ). Wax condition and distribution on surfaces change with needle age. Current year needles showed intact wax crystals distributed as dense networks on the epistomatal cavities and otherwise as small clusters in the regions around the stomata on all sides of the needles ( Figure 3A) . The dense network of wax tubules that covers the stoma is seen in detail in Figure 3B . One-year-old needles still have almost intact wax structures on the epistomatal cavity but the first stages of degradation can be seen. In contrast, the wax structures surrounding the stomata show increased degradation to flakes (Figures 3C and  3D ). In the epistomatal cavity the wax retains its tubular form much longer than on the other parts of the needle. With increasing age the wax crystals are progressively lost and contaminations are advancing on the whole needle surface. Two-year-old needles have stomata with a highly disordered wax cover ( Figure 3E ) and in 3-year-old needles the wax structures are completely degraded ( Figure 3F ). 3.2. Needle surface area from needle length measurements Measured needle length in C. libani ranged from 12.4 to 29 mm (arithmetic mean (m) = 23.0, standard deviation (SD) = 4.9). Total needle surface area, which was obtained by adding the measured lateral segment surface areas, resulted in values between 23.5 and 65 mm 2 (m = 50.7, SD = 13.3). The linear regression performed for calculated needle surface area relative to measured needle length following the equation f = y0 + ax showed a very good overall fit (R 2 = 0.968, P < 0.0001, Figure 4) . Fixed values for the coefficients are y0 = -10.8316 and a = 2.6690. To calculate the total needle surface area of a C. libani needle specimen, the measured length of the needle must be used for x. The multiplication factor to calculate the total needle surface area from the projected needle surface area is 3.248. 3.3. Gas exchange measurements All light response curves and A/c i curves showed a similar exponential rise to a maximum with a 25%-30% higher maximum rate of A net in 1-year-old needles ( Figures 5A and 5B, upper boxes) compared with older needles.
In light response curves, 1-year-old needles had significantly higher A max (90%) values, which they reached at lower PhAR levels, and light compensation points were significantly lower (Table) . There were no significant differences regarding dark respiration and quantum yield. The curves for g leaf showed a similar trend of a strong drop at the beginning of the measurements and a slight increase starting at PhAR levels around 200 µmol photon m -2 s -1 lasting until the end of the measurements ( Figure 5A ) ranged between 40 and 91 mmol m -2 s -1 with higher rates observed in 1-year-old needles. E leaf was measured simultaneously and showed the same pattern as g leaf for the respective measurements since VPD was kept constant ( Figure 5A , lower box, gray lines). Final values of E leaf obtained at the last measurement step varied between 0.84 and 1.5 mmol m -2 s -1 with higher rates observed in 1-year-old needles.
In A/c i curves, 1-year-old needles had significantly higher A max (90%) values. There were no significant differences regarding values for c i at A max (90%) and carboxylation efficiency (Table) . The curves for g leaf of all trees reached an almost straight baseline at a c i of approximately 500 µmol mol 
Discussion
Epicuticular wax of C. libani and needle age
The epicuticular wax crystals of C. libani needles are tubular in shape and are present as dense aggregates on epistomatal cavities and otherwise as small clusters, which is common in the family Pinaceae (Wilhelmi and Barthlott, 1997) . The wax tubules are generally 0.5-5 µm in length and 0.2-0.3 µm in diameter. They develop in the epistomatal cavities and on the surface of epidermal cells in nonstomatal areas (Reicosky and Hanover, 1976) . In our study epicuticular wax was visible on all sides of the needles but the inner intercuticular layer is very thin and was not visible with SEM (Barthlott, 1998) .
Considering their distribution range, C. libani needles are confronted with frost in winter and high temperatures, drought, and irrigation loads in summer. Epicuticular wax crystals therefore play an important protective mechanism against water loss as they reduce stomatal and nonstomatal transpiration and against critical temperature rise in needles as they reflect irradiation in the range of 400 to 700 nm (Güth, 2001) . How much needle water loss is reduced by the presence of epicuticular waxes in C. libani is not known. The aging of the cuticular waxes is a natural process known as 'wax degradation' (Burkhardt and Pariyar, 2014) . Reicosky and Hanover (1976) examined wax degradation in current and 1-year-old needles of Picea pungens. They observed first signs of slight degradation in the epistomatal cavities of current year needles in late autumn; however, wax crystals were significantly affected in nonstomatal areas. In C. libani needles wax degradation was more obvious in 1-year-old needles and increased continuously with age. However, as Reicosky and Hanover (1976) also stated, our SEM studies showed that wax degradation in nonstomatal areas proceeds more rapidly than in epistomatal cavities. With time, all epicuticular waxes degraded to an amorphous form. Further comparable observations related to the process of wax degradations were mentioned, e.g., for Picea abies (Koppel and Heinsoo, 1996) or Pinus sylvestris (Turunen et al., 1996) . Though this weathering of wax crystals seems not to be completely understood, according to a recent study by Burkhardt and Pariyar (2014) excessive aerosol deposition could be the main reason for all types of wax degradation including natural aging. In their study, they showed that deliquescent salts covering tubular wax fibrils caused amorphous wax appearance. The effect of wax degradation in the epistomatal cavities on gas exchange remains to be determined but seems to be a logical consequence. According to Reicosky and Hanover (1976) any kind of stomatal occlusion influences gas exchange and may impede gas flow as the structured waxes degrade to an amorphous form. Jeffree (1971) mentioned that the occlusion of the epistomatal chambers by wax tubules reduces transpiration by about two-thirds and reduces photosynthesis by only one-third when the stomata are fully open. The wax-filled antechamber does therefore appear to act as an antitranspirant, becoming more effective with age. Reicosky and Hanover (1976) concluded that the degradation of the wax tubule network in the epistomatal cavities results in a reduction of the porosity and probable alteration of the diffusion path of gases, which may be one of the reasons for the increase in stomatal diffusion resistances with age, which they observed in Picea pungens. In our study values for A net , E leaf , and g leaf were all higher in 1-year-old than in 2-year-old needles. A net values of 2-year-old needles decreased by about 25% compared to 1-year-old needles. The observed progressive occlusion and degradation of wax crystals in the epistomatal cavities in C. libani may play a major role in the observed decrease of photosynthetic performance as they alter the diffusion path of gases. However, further studies are necessary to clarify whether the decrease in photosynthetic activity is mainly caused by wax degradation in epistomatal cavities and to what extent the decrease is caused by the aging of the photosynthetic apparatus itself. 4.2. Determination of needle surface area and needle gas exchange of C. libani Based on the strong correlation between needle length and actual needle surface area, the mathematical formula derived in this study enables an accurate as well as quick and easy determination of the total surface area of C. libani needles by their length. The ratio of actual needle surface area to projected needle area was 3.248. This form factor is rather high when compared to the related species Larix decidua, which has a form factor of 2.225, caused by a flatter needle anatomy (Matyssek, 1981) , but it is in the range of values that Sellin (2000) found for Picea abies (2.2 to 4.0). The form factor for P. abies varied depending on Figure 5 . Averaged light response curve (A) and A/c i curve (B) of net carbon assimilation A net for 1-year-old (1-yr) and 2-yearold (2-yr) needles of Cedrus libani (upper boxes). The dotted lines mark when A net is zero (rates for respiration and assimilation are then equal). Black lines in the lower boxes represent values for leaf conductivity (g leaf , left y-axis; black triangles= 1-yr, white triangles= 2-yr) and gray lines represent values for leaf transpiration (E leaf , right y-axis; black x = 1-yr, white x = 2-yr). Per age class three repetitive measurements were carried out. For all curves R 2 (curve fit) was >0.95 and P < 0.001.
needle morphology. The results of Sellin (2000) together with our results show that it is important and more accurate to determine the total surface area of needle leaves in ecophysiological research. All light response curves and A/c i curves showed an exponential rise to a maximum for A net , a pattern typical for C3 plants. A significant decrease of A max (90%) from 1-yearold to 2-year-old needles was present in all measurements and ranged between 24% and 29%. Blanes et al. (2013) measured A max of five needle age classes in Abies pinsapo in southern Spain. They showed that A max decreases almost linearly and reaches values about 60% lower in 5-year-old than in 1-year-old needles. Han et al. (2008) measured photosynthetic parameters within a Pinus densiflora crown and showed that the decrease of A max is higher in the lower parts of the crown. Awada et al. (2003) investigated mean A net of three Mediterranean Pinus species (P. pinea, P. pinaster, and P. brutia in Thessaloniki, Greece) by measuring light response curves and found values ranging from 6 to 10 µmol CO 2 m -2 s -1
. A net measured in Pinus halepensis under natural conditions during the vegetation period in a Mediterranean mixed forest did not exceed 8 µmol CO 2 m -2 s -1 (Sperlich et al., 2015) . These values are close to or slightly higher than those of C. libani measured at the ECRF. Mean light compensation points measured in C. libani were about 44% higher for 2-year-old needles compared to 1-year-old needles, indicating that the former reach positive assimilation rates at higher PhAR values. The light compensation point in 1-year-old cedar needles was about 25% lower than in P. brutia, P. pinea, and P. pinaster (the observed mean light compensation point was 43.0 ± 2.5 μmol m -2 s -1 during summer; Awada et al., 2003) .
A higher light compensation point commonly indicates higher respiration (Larcher, 2001) . Mean dark respiration measured in 1-year-old and 2-year-old cedar needles at the ECRF was about 33% higher than that observed for conifers in other studies, where values ranged between -1.0 and -0.8 µmol CO 2 m -2 s -1 (Willert, 1995; Renninger et al., 2007) . Even though we found no significant difference in dark respiration between 1-year-old and 2-year-old cedar needles, Oleksyn et al. (1997) showed that dark respiration decreases with age in Pinus heldreichii needles.
The quantum yield provides information about the efficiency of light utilization for carbon gain (Küppers, 1988) . A high quantum yield indicates good light quantum utilization. Photosynthetic efficiency is often quantified as the light-limited, maximum quantum yield in ecophysiological studies (Singsaas et al., 2001) . Values for quantum yield of C. libani were in the normal range for conifers, which varies between 0.027 (Pinus taeda) and 0.052 (P. sylvestris) as reported from other studies (Singsaas et al., 2001; Awada et al., 2003) .
The A/c i curves resulted in significantly higher (approximately 70%) values of A max (90%) compared to light response curve measurements at ambient CO 2 , which results from the saturation of photosynthesis with PhAR and the nonlimiting CO 2 supply. Due to the elevated CO 2 concentration the amount of c i is high and the CO 2 supply to the photosynthetic apparatus (RuBisCo) is not limiting (Larcher, 2001) . A net values from A/c i curves of 1-year-old needles were about 24% higher than in 2-year-old needles. C. libani showed about 30% higher c i values than those mentioned by Renninger et al. (2007) ) but also showed almost three times higher assimilation rates.
In conclusion, our study showed that the aging of the needles affected both the epicuticular wax structures and the photosynthetic performance. Epicuticular waxes degraded to an amorphous form in nonstomatal areas and epistomatal cavities. They showed a natural and continuous degradation with needle age, giving no indication of environmental damage (e.g., severe drought stress). Assimilation rates and respiration rates of C. libani from light response curves and A/c i curves were comparable with those of other conifers, showing no signs of significant environmental stress or malfunctions of the photosynthetic and mitochondrial apparatus. The decrease of the photosynthetic performance in 2-year-old needles seems to be a consequence of the degraded waxes in the epistomatal cavities, which alter the diffusion path of gases and the aging of the photosynthetic apparatus.
